(See the Editorial commentary by de la Torre, on pages 509-11.)
Lymphocytic choriomeningitis virus (LCMV) poses a substantial risk to immunocompromised individuals. The case fatality rate in recent clusters of LCMV infection in immunosuppressed organ transplantation recipients has exceeded 70%. In the present study, we demonstrate potent antiviral activity of favipiravir against acute, disseminated LCMV infection in NZB mice. Treatment resulted in complete protection against mortality and dramatic reductions in viral loads. In contrast, ribavirin, the current antiviral of choice, was mostly ineffective. Our findings, and the high lethality associated with LCMV infection in transplant recipients, support the consideration of favipiravir as a first-line therapeutic option.
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Lymphocytic choriomeningitis virus (LCMV; family
Arenaviridae, genus Mammarenavirus) is a rodent-borne, negative-sense, single-stranded RNA virus for which the natural host is the common house mouse (Mus musculinus). Transmitted congenitally though transplacental infection and through direct contact or inhalation of virus-containing rodent excrement, seroprevalence of LCMV ranges from 2% to 5% in human populations [1] . LCMV infections are often asymptomatic; however a small portion of cases progress to a range of diseases including aseptic meningitis and meningoencephalitis.
Recent clusters of disseminated LCMV infection in immunosuppressed organ transplant recipients highlight the risk of transmission from donors with underlying infections [1] [2] [3] .
These individuals often develop severe disease with prevalent hemorrhagic manifestations and case fatality rates exceeding 70%. Therapeutic options are limited to intravenous ribavirin and/or intravenous immunoglobulin with undefined virus neutralization capacity [1, 2] . The benefit of ribavirin is unclear and treatment is associated with toxicity, underscoring the need for development of new therapeutics for severe LCMV infections.
Favipiravir, a new antiviral therapeutic that is currently approved as an anti-influenza drug in Japan and under review by the US Food and Drug Administration for the same application in the United States, has been shown to be broadly active against a wide range of RNA viruses including arenaviruses [4] [5] [6] [7] [8] . To date, favipiravir has not been evaluated against LCMV. In the present study, we demonstrate the efficacy of favipiravir in a mouse model of acute, disseminated LCMV infection and hemorrhagic disease.
METHODS

Biosafety
All work with LCMV was conducted in biosafety level 3 (BSL-3) laboratories at Utah State University (USU; Logan, UT) following established standard operating procedures approved by the USU Biohazards Committee.
Ethics Statement
All animal procedures were performed by trained personnel in the Association for Assessment and Accreditation of Laboratory Animal Care accredited Laboratory Animal Research Center on the USU campus and complied with guidelines set by the United States Department of Agriculture and USU Animal Care and Use Committee.
Animals
Male and female 4-week-old NZB mice (The Jackson Laboratory, Bar Harbor, ME) were used for both experiments. The animals were acclimated for 1 week prior to virus challenge and fed Harlan Lab Block and tap water ad libitum.
Virus
LCMV Clone 13 (LCMV-Cl13) was provided by Maria Salvato (University of Maryland School of Medicine, Baltimore, MD). The virus used was from a stock prepared following a single passage in BHK-21 cells. The stock was diluted in minimal essential medium (MEM; Hyclone, Logan, UT) prior to challenge.
Compounds
Favipiravir (T-705) was obtained from the Toyama Chemical Co. (Toyama, Japan) and ribavirin was from ICN Pharmaceuticals (Costa Mesa, CA). Both compounds were prepared in sterile water supplemented with 74.6 mg/mL meglumine excipient.
In Vitro Antiviral Activity Antiviral activity of favipiravir and ribavirin against LCMV-Cl13 was evaluated in vitro in Vero cells by a previously described virus yield reduction assay [8] . Briefly, subconfluent cells in 96-well microplates were infected at a multiplicity of infection of 0.001 and treated with half-log dilutions of drugs dissolved in culture medium supplemented with 2% fetal bovine serum. Plates were incubated for 7 days and cell lysates were titrated for LCMV by endpoint dilution. The 50% cell cytotoxic dose (CC 50 ) was determined by neutral red dye uptake in uninfected, drugtreated cells. The 90% effective concentration (EC 90 ) was determined by regression analysis and represents the concentration of drug that reduced the virus yield by one log 10 . The selectivity index (SI) was calculated using the formula: SI = CC 50 /EC 90 .
Mouse Studies
For the initial study, mice (n = 34) were weighed and sorted by sex and weight prior to infection to minimize differences between treatment groups. Mice (n = 8/treatment group) were challenged by intraperitoneal (IP) injection with 4 × 10 4 plaque-forming units (PFU) of LCMV-Cl13 and treated IP, twice daily with favipiravir (300 or 150 mg/kg/day), ribavirin (100 mg/kg/day), or vehicle placebo. The 8-day treatment regimens were initiated 1 day post LCMV challenge. Whole blood was collected via submandibular puncture on day 8 postinfection from predetermined subsets of animals (n = 3/treatment group) for analysis of serum viral titers. The mice were observed for morbidity and mortality for 21 days. Sham-infected controls (n = 2) were included for comparison.
To assess the efficacy of favipiravir against advanced LCMV infection, a second study was designed in which initiation of treatment was delayed until days 2 and 6 postinfection. Mice (n = 33) were sorted by sex and weight (n = 10/treatment group) prior to IP challenge with 4 × 10 4 PFU of LCMV-Cl13 and treated IP, twice daily with favipiravir (300 mg/kg/day) or placebo. The 8-day treatment regimens were initiated on day 2 or 6 postinfection with favipiravir or day 2 postinfection for the placebo group. Predetermined subsets of animals (n = 3/treatment group) were sacrificed on day 7 to assess viremia and liver, spleen, and brain tissue viral loads. The remaining animals were observed for morbidity and mortality until day 21 postinfection when the surviving mice were sacrificed for end-of-study serum and tissue viral titer analysis. Sham-infected controls (n = 3) were included for comparison.
Virus Titrations
Presence and concentration of virus in serum and select tissues was determined using an infectious cell culture assay as previously described [8] . Briefly, a specific volume of serum or tissue homogenate was serially diluted and added to triplicate wells of Vero cell monolayers in 96-well microtiter plates. The viral cytopathic effect was determined 11 days after plating from which the 50% endpoints were calculated. The lower limits of detection (LLD) for serum was 1.67 log 10 50% cell culture infectious dose (CCID 50 )/mL, and tissues were 2.2-3.2 log 10 CCID 50 /g. Samples presenting with undetectable virus were assigned the LLD value for statistical analyses.
Statistical Analysis
The Mantel-Cox log-rank test was used for analysis of KaplanMeier survival curves. A 1-way analysis of variance with Dunnett's posttest to correct for multiple comparisons was used to compare differences in viral titers. All statistical evaluations were done using Prism 7 (GraphPad Software, La Jolla, CA).
RESULTS
Prior to initiating in vivo studies, we assessed the antiviral activity of favipiravir against LCMV-Cl13 in cell culture. Consistent with our findings from a previous LCMV replicon-based assay [6] , the EC 90 of favipiravir versus LCMV-Cl13 was 35 µM with an SI = 182 (Supplementary Figure 1) . Ribavirin was substantially less potent with an EC 90 of 196 µM and SI = 21.
To evaluate the therapeutic efficacy of favipiravir, we designed a treatment regimen in which 4-week-old NZB mice were challenged IP with LCMV-Cl13 and received 300 or 150 mg/ kg/day of favipiravir, 100 mg/kg/day of ribavirin, or placebo by IP route beginning 24 hours postinfection ( Figure 1A) . All of the animals that received favipiravir survived the infection, whereas only 2 of 8 ribavirin-treated mice, and 1 of 8 placebo-treated mice recovered ( Figure 1B ). On day 8 postinfection, the presence of LCMV-CL13 in the serum in subsets of mice (n = 3) from each treatment group was determined. As shown in Figure 1C , there was no detectable virus in the 300 mg/kg/ day favipiravir group and significantly reduced serum titers in the lower-dose favipiravir group, while all of the animals in the ribavirin-treated group had viral loads comparable to the placebo group. To assess morbidity, individual animal weights were measured during the study and reported as the percent change in body weight ( Figure 1D ). Favipiravir-treated animals exhibited mild weight loss in the first week followed by weight gain at a trajectory comparable to the sham-infected control animals. In contrast, all of the ribavirin-treated mice lost weight similarly to placebo-treated animals and the 2 survivors recovered very slowly.
To evaluate the potential of favipiravir in treating more advanced LCMV infection in mice, a second study employing a delayed treatment regimen was conducted (Figure 2A) . Cohorts of mice infected with LCMV-Cl13 were treated with 300 mg/ kg/day of favipiravir for 8 days beginning 2 or 6 days postinfection or placebo starting 2 days postinfection. Notably, all of the animals receiving favipiravir beginning 2 days postinfection survived, while only 2 of 7 mice treated with favipiravir beginning day 6 postinfection and 3 of 7 mice treated with the placebo survived ( Figure 2B ). Thus, delaying initiation of favipiravir treatment until after the onset of clinical signs (weight loss; Figure 2C ) did not improve survival outcome. The day 2 postinfection favipiravir treatment group failed to gain weight from day 3 to 7 postinfection, but resumed and was comparable to the sham-infected control group through the remainder of the experiment. Moreover, LCMV-Cl13 was largely undetectable in serum and tissues from animals sacrificed on day 7 postinfection ( Figure 2D, left) .
To assess whether the delayed favipiravir treatments could completely clear LCMV-Cl13 from the body, all survivors at the conclusion of the study (day 21 postinfection) were humanly euthanized and samples collected for determination of serum and tissue viral titers ( Figure 2D , right). Virus was undetectable in the serum of all mice that received favipiravir beginning 2 days postinfection, while 1 of 2 mice in the day 6 postinfection treatment group and the 3 placebo-treated animals were still viremic on day 21. Spleen viral burden was also absent in favipiravir-treated mice, but present in 2 of the 3 placebo-treated survivors ( Figure 2D, right) . However, virus was detected in the liver of all survivors suggesting that the liver may serve as a reservoir tissue for chronic infection despite the effectiveness of favipiravir in preventing mortality due to acute infection and disease. Previous studies have reported that when challenged with high doses of LCMV-Cl13 inoculated via tail vein injection [9, 10] , NZB mice are susceptible to an acute, lethal systemic disease that resembles overwhelming disseminated infections that occur in immunosuppressed organ transplant recipients [1, 2] .
For the present studies, we used a lower virus challenge dose inoculated by IP injection to produce a more protracted disease course and a mortality rate (70%-80%) similar to that observed in the organ transplant LCMV cases that we were modeling. Using this model, we demonstrated highly effective treatment of acute, severe LCMV infection with favipiravir, a clinically Dashed line represents the respective tissue assay detection limit. *P < 0.05, **P < 0.01, ***P < 0.001 compared to animals receiving placebo. Abbreviations: CCID 50 , 50% cell culture infectious dose; IP, intraperitoneal; PFU, plaque-forming unit; Tx, treatment.
experienced broad-spectrum antiviral approved for human use in Japan. When administered within 2 days of LCMV-Cl13 challenge, treatment with 300 mg/kg/day favipiravir resulted in 100% protection from mortality across 2 experiments, and significantly limited viral replication to mostly undetectable levels during the acute infection. In contrast, treatment with 100 mg/kg/day of ribavirin resulted in a slight, but not statistically significant, delay in time of death, and had no effect in reducing serum LCMV-Cl13 titers. Published clinical reports reviewing the use of ribavirin in the treatment of LCMV seem to be consistent with these findings, as ribavirin therapy has had mixed results in controlling LCMV infection in transplant recipients [1, 2] . Ribavirin-treated mice also appeared to struggle with a more symptomatic chronic infection state as indicated by a very slow recovery and lethargy observed through much of the third week postinfection. Higher doses of ribavirin are associated with greater toxicity in mice and therefore were not used. The toxicity of ribavirin also presents challenges in a clinical setting with LCMV-infected organ transplant recipients. On the other hand, previous studies have shown favipiravir to be well tolerated in patients at doses in the range of 40 mg/kg/day [11, 12] , which is considerably higher than the 24 mg/kg/day (body surface area-translated) human equivalent dose for a mouse treated with 300 mg/kg/day of drug [13] .
With limited therapeutic options for treating severe LCMV infections in humans, the development of more effective and safer antivirals is urgently needed. This is especially imperative for immunocompromised individuals that are more vulnerable to fulminant LCMV infections. Our in vitro and mouse efficacy study findings, coupled with recent studies demonstrating efficacious treatment of lethal infections with the related Old World Lassa arenavirus [4, 5] , provide the necessary supporting data to move forward with testing favipiravir in the cynomolgus macaque model of LCMV infection [14] . Disease in macaques recapitulates many of the features observed with infected immunocompromised individuals [15] . Because clinical trials are not likely to be feasible, demonstrating efficacy in mouse and nonhuman primate models may be the path forward for consideration under the Food and Drug Administration (FDA) "animal rule". Due to the severity of LCMV infections in transplant recipients, with case fatality rates exceeding 70%, favipiravir should be considered for emergency use for future clusters of transplant-associated LCMV infections.
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